Results from optical melting studies of WatsonCrick complementary heteroduplexes formed between 2 0 -O-methyl RNA and RNA oligonucleotides are used to determine nearest neighbor thermodynamic parameters for predicting the stabilities of such duplexes. The results are consistent with the physical model assumed by the individual nearest neighbor-hydrogen bonding model, which contains terms for helix initiation, base pair stacking and base pair composition. The sequence dependence is similar to that for Watson-Crick complementary RNA/RNA duplexes, which suggests that the sequence dependence may also be similar to that for other backbones that favor A-form RNA conformations.
INTRODUCTION
Oligonucleotides are used for many applications, ranging from diagnostics (1-4) to therapeutics (5-9) to nanotechnology (10, 11) . The thermodynamics of nucleic acid duplex formation facilitates rational design of sequences for the various applications (12) (13) (14) . The thermodynamics of duplex formation is dependent on the backbone of the nucleic acid. For example, the sequence dependence of the thermodynamics of DNA/DNA (15, 16) , RNA/RNA (17, 18) and DNA/ RNA (19) duplexes differ. All, however, can be approximated well by nearest neighbor models when only Watson-Crick base pairs are formed. Thus, it is relatively easy to predict the thermodynamics of Watson-Crick paired duplexes from sequence (16, (18) (19) (20) (21) (22) . Here, optical melting studies are analyzed to provide nearest neighbor thermodynamic parameters for formation of 2 0 -O-methyl RNA/RNA duplexes that are Watson-Crick complementary. The 2 0 -O-methyl RNA and other 2 0 -O-alkyl backbones are particularly useful for hybridization to RNA because they favor A-form helical structure and are more resistant than RNA or DNA to nuclease digestion (23-26).
MATERIALS AND METHODS

Experimental
Synthesis and purification of oligonucleotides was done as previously described (27) . The buffer for melting experiments was 100 mM NaCl, 20 mM sodium cacodylate and 0.5 mM Na 2 EDTA, pH 7.0. Oligonucleotide single strand concentrations were determined from absorbances >80 C with extinction coefficients approximated by a nearest neighbor model (28, 29) . The sequence dependence of extinction coefficients for 2 0 -O-methyl and RNA strands was assumed to be identical. Melting curves were measured at 260 nm with a heating rate of 1 C/min from 0 to 90 C on a Beckman DU640 spectrophotometer with a water cooled Peltier thermoprogrammer. Melting curves were analyzed and thermodynamic parameters were calculated on the basis of a two-state model with the program MeltWin 3.5 (30) . With one exception, agreement within 15% was found for thermodynamic parameters calculated from averaging parameters derived from the shapes of melting curves and from the following equation (20) : (18) . For example, the melting is not truly two-state because the stacking in the single strand conformations is dependent on temperature and sequence. Therefore, all duplexes included in the fit were given equal weight. Table 1 were combined with previously reported results (27) listed in Table 2 and fit to the INN-HB nearest neighbor model (18) to give the nearest neighbor thermodynamic parameters listed in Table 3 .
RESULTS
On a percentage basis, the errors in nearest neighbor parameters for DG 37 are much smaller than for DH and DS . This is expected from the high correlation of errors in DH and DS , typically with R 2 > 0.99 (18, 31, 32 and DS are À9.87 kcal/ mol, À78.3 kcal/mol and À220.6 eu while the measured values are À10.56 kcal/mol, À96.6 kcal/mol and À277.6 eu, respectively.
DISCUSSION
Thermodynamic parameters for nucleic acid duplexes are useful for designing sequences for many applications, including diagnostics, therapeutics and nanotechnology (12) (13) (14) 33) . The 2 0 -O-methyl backbone and other 2 0 -O-alkyl backbones are particularly useful for binding to RNA because they favor A-form helixes and are chemically stable relative to DNA and RNA backbones. Thus for example, 2 0 -O-alkyl backbones have been used to flank a 'gap' DNA sequence in order to decrease nuclease digestion of the oligonucleotide while providing a long enough pairing between DNA and RNA to induce RNase H to cleave an RNA target (34) . Reduction of gene expression by an RNA interference mechanism has been demonstrated with siRNA duplexes having completely 2 0 -O-methyl modified sense strands (35) . The 2 0 -O-methyl modification is also used in aptamers (7), including the commercially successful therapeutic, Macugen (8) .
There are several ways to analyze the data in Table 2 . In principle, it is possible to fit the data to 20 parameters each for DG 37 , DH and DS (21,22). We chose, however, to fit the data to the 18 parameters of the INN-HB model, which ascribes separate parameters to the 16 different nearest neighbor stacks, to the average difference between a CG and UA pair, and to duplex initiation (18) . This simplifies the 20 parameter model by assuming that the parameters for initiation are independent of the nature of the terminal base pairs and that terminal base pairs are equivalent to internal base pairs. With the 18 parameter fit, the highest P-values for DG 37 were 0.0007 and 0.0005 for the terminal AU and m(5 0 -AA)/r(3 0 -UU) parameters, respectively. All other P-values were <0.0001. For DH , however, P-values were 0.29, 0.15 and 0.12 for the initiation, m(5 0 -GA)/r(3 0 -CU), and m(5 0 -CA)/r(3 0 -GU) parameters, respectively. After correction for salt dependence, the parameters in Table 3 can be coupled with the existing parameters for RNA loops and incorporated into dynamic programming algorithms for predicting and designing secondary structures (14, 17, (36) (37) (38) and can be directly compared with the 12 INN-HB parameters for RNA (18) .
A comparison of the DG 37 parameters for 2 0 -O-methyl RNA/RNA duplexes at 0.1 M NaCl in Table 3 with DG 37 parameters determined for RNA/RNA duplexes at 1 M NaCl (18) shows that on average the RNA/RNA parameters for DG 37 of base pair stacks are more favorable by a value of 0.26 kcal/mol (Table 3) . This is likely because of higher salt concentration. The sequence dependence of stability is similar for 2 0 -O-methyl RNA/RNA and RNA/RNA duplexes. For example, base pair stacks with two AU pairs are less stable than base pair stacks with one AU and one GC pair; the 5 0 -CG/3 0 -GC nearest neighbor has stability similar to nearest neighbors with one AU and one GC pair, but other stacks with two GC pairs are more stable. The parameters for terminal AU pairs are 0.30 and 0.45 kcal/mol for 2 0 -Omethyl RNA/RNA and RNA/RNA duplexes, respectively. In the INN-HB model, this parameter is used to account for the fact that two sequences can have the same nearest neighbor base pair stacks but differ by one in the number of AU and GC pairs (18) . Thus it accounts for half of the difference in hydrogen bonding free energy between AU and GC pairs. The magnitude and sign of the 0.30 kcal/mol is consistent with this physical interpretation of the model. The similarity of the sequence dependence of parameters suggests that the programs for predicting RNA secondary structure (17, (36) (37) (38) can approximate 2 0 -O-methyl modified nucleotides as unmodified RNA, at least in base paired regions. This is because the uncertainties in the sequence dependence of loop stabilities is probably larger (8, 41, 42) . The predictions would be rough approximations, but sufficient for many applications. As expected, 2 0 -O-methyl RNA/ RNA duplexes appear more stable than DNA/RNA duplexes. The nearest neighbour stacking parameters for 2 0 -O-methyl RNA/RNA in 0.1 M NaCl average 0.4 kcal/mol more stable at 37 C than those for DNA/RNA duplexes in 1 M NaCl (19) .
The average error limits for the 2 0 -O-methyl RNA/RNA nearest neighbor parameters for DG 37 and DH are 0.17 and 3.7 kcal/mol, respectively (Table 3) . These are roughly 2-and 5-fold larger than the average error limits for RNA/ RNA (18) and DNA/DNA (16) parameters, respectively, where only 12 parameters can be fit and the number of duplexes is larger. Direct comparison with 17 and 18 parameter fits to data for DNA/RNA duplexes is not possible because error limits for individual parameters were not reported (19, 22) .
The error limits for the nearest neighbor parameters for DH and DS for 2 0 -O-methyl RNA/RNA are large. There are many potential reasons why the nearest neighbor model does not fit the experimental DH and DS values particularly well. The two-state model for fitting the melting curve data is an approximation (43) (44) (45) (46) . The high temperature state for a duplex transition is the single strand, but stacking in these single strands is temperature dependent, thereby producing a temperature dependent DH that is not included in the model. While the agreement between DH s determined by fitting melting curves and by plotting T M À1 versus ln(C T /4) is consistent with two-state behavior over the temperature range of the transition, it is not sufficient to insure two-state behavior even over this range. In addition, the INN-HB nearest neighbor model is a simple approximation. The thermodynamics may depend on more than the stacking of nearest neighbors and number of hydrogen bonds. In general, parameters obtained from optical melting data are best near the melting temperatures of the oligonucleotides. The range of melting temperatures at 0.1 mM total strand concentration for the duplexes used to determine the nearest neighbor parameters range from 28 to 55 C with an average of 44 C. Thus the predicted DG s should be reasonable from $25 to 65 C. 
